In electric vehicles (EVs), bidirectional DC/DC(Bi-DC/DC) is installed between the battery pack and the DC bus to step up the voltage. In the process of mode switching under step signal, the Bi-DC/DC will be affected by a large current inrush which threatens the safety of the circuit. In this paper, a Bi-DC/DC mode switching method based on the optimized Bézier curve is proposed. The Boost and Buck modes can be switched based on the proposed method with fast and non-overshoot switching performance. The experimental results show that the mode switching can be finished in 4 ms without overshoot based on the optimal switching curve.
Introduction
As a key component of electric vehicles (EVs), bidirectional DC/DC (Bi-DC/DC) plays an important role in DC power conversion, allowing current can flow in two directions. The current flows in the forward direction during the driving process, while it flows in the reverse direction during the energy recovery process. Bi-DC/DC with high power and high efficiency is needed in the application of EVs [1] [2] [3] [4] [5] . Among all kinds of Bi-DC/DC topologies, the interleaved structure [6] [7] [8] [9] [10] which has the advantage of low output ripple is widely adopted. Urciuoli et al. studied the Bi-DC/DC with interleaved topology and designed a 90 kW prototype which showed a low ripple rate and a high-power density [11] . Thounthong et al. developed a Boost DC/DC with two-phase interleaved topology for fuel cells, which has low current ripple [12, 13] . Xu et al. also designed a Bi-DC/DC with two-phase interleaved topology, which has greatly reduced the volume and weight compared to the traditional Bi-DC/DC [14, 15] .
When Bi-DC/DC works at start-up or mode switching, the dynamic characteristics of the system change sharply. Meanwhile, the abrupt signal will make the system more unstable or generate a large current surge. In addition, when the switching process is not properly controlled, the device will be damaged. A soft start as a traditional control method is often used to avoid current surge, but it will slow down the process of mode switching. However, the Buck and Boost modes usually switch frequently when the EV is running. In order to improve the performance of the system, faster response of mode switching is required to satisfy the power requirements of the vehicle. Therefore, it is necessary to study the mode switching characteristics and propose a better control method. Lai et al. [16] proposed a CMOS-compatible digital soft-start circuit, which could eliminate the inrush current and voltage overshoots without external soft-start capacitor. Zhou et al. [17] developed an AC coupled feedback circuit to accelerate the transient response of the DC/DC. C. Zhao et al [18] proposed a start-up method which controlled the process of mode switching in three stages for three-port converter: Buck mode control was firstly used, followed by Boost mode control, and finally converted to phase-shift control. Ryota Kondo et al. [19] proposed a new driving method for DC/DC, Figure 1 shows the schematic illustration of Bi-DC/DC, which consists of four IGBTs: Q1, Q2, Q3 and Q4; two inductors L1 and L2; two DC filter capacitors C1 and C2. Where, VdcL is low-side voltage that connected to the low-voltage DC power source, VdcH is high-side voltage and it is connected to the high-voltage DC power source. In Buck mode, IGBTs Q1 and Q2 are used as primary switches, which alternately are switched on or off by frequency f, and IGBTs Q3 and Q4 are turned off. When Q1 or Q2 is turned on, the current flows from high-voltage side to low-voltage side. When Q1 or Q2 is switched off, the inductor current flows through the free-wheeling diode of Q3 and Q4. While in Boost mode, the power flows from lowvoltage side to high-voltage side, and Q1 and Q2 are turned off, and Q3 and Q4 as primary switches are alternately switched on or off by frequency f. When Q3 or Q4 is switched on, the current of the inductor increases. Otherwise, the current of the inductor flows through the free-wheeling diode of Q1 and Q2 when Q3 or Q4 is switched off. The Buck and Boost conversions exhibit a duality property. Whether in Buck or Boost conversion, the inductor L1 stores energy when Q1 or Q3 is turned on, and inductor L2 stores energy when Q2 or Q4 is turned on.
Modeling of the Bi-DC/DC
For both Boost mode and Buck mode, the IGBT in the two parallel branches drives PWM signal which are 180° out of phase in order to reduce the ripple of output current. It needs to separately control the two branches to ensure the balance of current. Since the two branches are symmetrical, it can be simplified to analyze one branch and design the control strategy separately, and finally apply the control strategy to another branch by delaying the switch with 180°.
When the two ends of the Bi-DC/DC are connected to different power supplies 1 V and 2 V , it works in inductor continuous conduction mode (CCM). At this time, the two operating states under Buck mode are shown in Figure 2 . Figure 2a is the working state in which the switch is turned on, and Figure 2b is the working state in which the switch is turned off. The operating states of Boost mode is opposite to the Buck mode. In Buck mode, IGBTs Q 1 and Q 2 are used as primary switches, which alternately are switched on or off by frequency f, and IGBTs Q 3 and Q 4 are turned off. When Q 1 or Q 2 is turned on, the current flows from high-voltage side to low-voltage side. When Q 1 or Q 2 is switched off, the inductor current flows through the free-wheeling diode of Q 3 and Q 4 . While in Boost mode, the power flows from low-voltage side to high-voltage side, and Q 1 and Q 2 are turned off, and Q 3 and Q 4 as primary switches are alternately switched on or off by frequency f. When Q 3 or Q 4 is switched on, the current of the inductor increases. Otherwise, the current of the inductor flows through the free-wheeling diode of Q 1 and Q 2 when Q 3 or Q 4 is switched off. The Buck and Boost conversions exhibit a duality property. Whether in Buck or Boost conversion, the inductor L 1 stores energy when Q 1 or Q 3 is turned on, and inductor L 2 stores energy when Q 2 or Q 4 is turned on.
For both Boost mode and Buck mode, the IGBT in the two parallel branches drives PWM signal which are 180 • out of phase in order to reduce the ripple of output current. It needs to separately control the two branches to ensure the balance of current. Since the two branches are symmetrical, it can be simplified to analyze one branch and design the control strategy separately, and finally apply the control strategy to another branch by delaying the switch with 180 • .
When the two ends of the Bi-DC/DC are connected to different power supplies V 1 and V 2 , it works in inductor continuous conduction mode (CCM). At this time, the two operating states under Buck mode are shown in Figure 2 . Figure 2a is the working state in which the switch is turned on, and Figure 2b is the working state in which the switch is turned off. The operating states of Boost mode is opposite to the Buck mode. The state variable of the system can be defined as follows:
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In a switching cycle s T , the duty cycle of each state is n d which satisfies By averaging the two states mentioned above, the average equation coefficient matrix of the state space can be derived as Equation (3):
where, n=1, 2. According to the average equation of the state space, the transfer function, from the state variable to the duty cycle can be calculated as: The state variable of the system can be defined as follows:
The input variable of the system can be defined as follows: u(t) : (V 1 , V 2 ). According to the equivalent circuit of Figure 2a , the coefficient matrix of the state equation can be calculated by Equation (1):
where
According to the equivalent circuit of Figure 2b , the coefficient matrix of the state equation can be derived as:
where, r Ls1s2 = r L + r s1 + r s2 .
In a switching cycle T s , the duty cycle of each state is d n which satisfies
of each state can be obtained as d n · T s . By averaging the two states mentioned above, the average equation coefficient matrix of the state space can be derived as Equation (3):
where, n = 1, 2. According to the average equation of the state space, the transfer function, from the state variable to the duty cycle can be calculated as:
where d is duty cycle. Let
3). x b0 means state variable of balance point. u b0 means input quantity of balance point. Based on the transfer function in Equation (4), the system regulator of Bi-DC/DC mode G c (s) can be designed.
The Controller Design of the Bi-DC/DC
Assume that the transfer function of the system is G(s), input signal is R(s), output signal is C(s). During the process of each mode switching, it is necessary to ensure the smoothness and the rapidity of output signal, i.e., a small overshoot and a fast switching time. The current loop is used to control the Bi-DC/DC, since one end is connected to the battery pack and the other end is connected to the supercapacitor pack in the practical application. The transfer function from duty cycle d to inductor current is G id (s), and the transfer function of regulator is G c (s). The system structure is shown in Figure 3. c ( ) G s can be designed.
Assume that the transfer function of the system is G(s), input signal is R(s), output signal is C(s). During the process of each mode switching, it is necessary to ensure the smoothness and the rapidity of output signal, i.e., a small overshoot and a fast switching time. The current loop is used to control the Bi-DC/DC, since one end is connected to the battery pack and the other end is connected to the supercapacitor pack in the practical application. The transfer function from duty cycle d to inductor current is Gid(s), and the transfer function of regulator is Gc(s). The system structure is shown in Figure  3 .
The closed loop transfer function of the system is shown in Equation (5):
According to the Equation (5), it only needs to derive the transfer function Gid(s) of the single branch.
For the Bi-DC/DC designed in this paper, DC high-end voltage dcH V is 350 V, DC low-end voltage dcL V is 220 V, the inductance is 69 μF, the capacitance is 9400 μF, and the initial resistance The closed loop transfer function of the system is shown in Equation (5):
According to the Equation (5), it only needs to derive the transfer function G id (s) of the single branch.
For the Bi-DC/DC designed in this paper, DC high-end voltage V dcH is 350 V, DC low-end voltage V dcL is 220 V, the inductance is 69 µF, the capacitance is 9400 µF, and the initial resistance of the DC high end is 320 mΩ. The initial current before switching is set to −175 A, the steady-state current is 175 A.
The PI controller is used as the regulator of the system, and its transfer function is shown in Equation (6):
where, k p is the proportionality coefficient, k i is the integral coefficient.
where d is duty cycle. Let 1 dd = and 2 1 dd =− in Buck mode, 2 dd = and 1 1 dd =− in Boost mode in Equation (3) . b0 x means state variable of balance point. b0 u means input quantity of balance point. Based on the transfer function in Equation (4), the system regulator of Bi-DC/DC mode c () Gs can be designed.
Assume that the transfer function of the system is G(s), input signal is R(s), output signal is C(s). During the process of each mode switching, it is necessary to ensure the smoothness and the rapidity of output signal, i.e., a small overshoot and a fast switching time. The current loop is used to control the Bi-DC/DC, since one end is connected to the battery pack and the other end is connected to the supercapacitor pack in the practical application. The transfer function from duty cycle d to inductor current is Gid(s), and the transfer function of regulator is Gc(s). The system structure is shown in Figure 3 . The closed loop transfer function of the system is shown in Equation (5):
According to the Equation (5), it only needs to derive the transfer function Gid(s) of the single branch. The PI controller is used as the regulator of the system, and its transfer function is shown in Equation (6):
where，kp is the proportionality coefficient, ki is the integral coefficient. Based on the model of the system illustrated in Equation (4), the parameters of the PI regulator can be obtained easily by the "sisotool" toolbox of MATLAB. According to reported literature [20] , the PI controller must satisfy the following criteria: phase margin ≥45° and crossover frequency ≥198 Hz (3 times higher than the resonant frequency). Using the "sisotool", PI controller parameters of the system shown in Figure 4a are: kp is 0.00097, and ki is 0.3458. The phase margin of the system is 63°, and the crossover frequency is 319 Hz.
Optimizing of the Mode Switching

The Switching Characteristics of Bi-DC/DC
Since the Buck and Boost modes of Bi-DC/DC will alternately switch frequently, the characteristics of the switching process must be considered. In order to simplify the dynamic characteristics of the switching process, one branch of the interleaved Bi-DC/DC is used for further research. As shown in Figure 5a , when Bi-DC/DC is in normal operation, the current in Buck mode flows from the high voltage side to the low voltage side, as indicated by the red arrow in the figure. By contrast, the current in Boost mode flows from the low voltage side to the high voltage side.
Taking Buck mode to Boost mode as an example, when the designed Bi-DC/DC works in CCM mode, the whole switching process will undergo the following steps: Based on the model of the system illustrated in Equation (4), the parameters of the PI regulator can be obtained easily by the "sisotool" toolbox of MATLAB. According to reported literature [20] , the PI controller must satisfy the following criteria: phase margin ≥45 • and crossover frequency ≥198 Hz (3 times higher than the resonant frequency). Using the "sisotool", PI controller parameters of the system shown in Figure 4a are: k p is 0.00097, and k i is 0.3458. The phase margin of the system is 63 • , and the crossover frequency is 319 Hz.
Optimizing of the Mode Switching
The Switching Characteristics of Bi-DC/DC
Since the Buck and Boost modes of Bi-DC/DC will alternately switch frequently, the characteristics of the switching process must be considered. In order to simplify the dynamic characteristics of the switching process, one branch of the interleaved Bi-DC/DC is used for further research.
As shown in Figure 5a , when Bi-DC/DC is in normal operation, the current in Buck mode flows from the high voltage side to the low voltage side, as indicated by the red arrow in the figure. By contrast, the current in Boost mode flows from the low voltage side to the high voltage side. The PI controller is used as the regulator of the system, and its transfer function is shown in Equation (6):
Optimizing of the Mode Switching
The Switching Characteristics of Bi-DC/DC
Taking Buck mode to Boost mode as an example, when the designed Bi-DC/DC works in CCM mode, the whole switching process will undergo the following steps: Taking Buck mode to Boost mode as an example, when the designed Bi-DC/DC works in CCM mode, the whole switching process will undergo the following steps:
(1) When mode switching starts, the Q 1 is turned off and the Q 3 is operated in the high frequency switching mode. The initial inductor current (i 0 ) does not suddenly change its direction, so the current will still flow in the direction of the red arrow ( Figure 5b ); (2) In the second step, the initial current will gradually decrease from i 0 to 0. During this period, whether Q 3 is turned on or turned off, the current will flow in the direction of the red arrow and gradually decrease. This means that the system is out of control during this period and it is impossible to control the inductor current;
Energies 2019, 12, 378 6 of 14 (3) After the inductor current is reduced to zero, the system switches to Boost mode. Then the output voltage and current can be controlled by adjusting the duty cycle of Q 3 , and the switching from Buck mode to Boost mode is successfully completed.
Then, MATLAB/Simulink is utilized to simulate the switching characteristics of Bi-DC/DC from Buck mode to Boost mode. The current of the two inductors and the control signals of the two IGBTs are shown in Figure 6 . Figure 6 .
During mode switching, current surges are caused by two factors. Firstly, the mode switching process generates a large signal disturbance. Thus, the designed controller with small signal model cannot accurately control the system during the switching process. Secondly, the inductor current is uncontrollable during a period after the mode switching starts. Therefore, the controller will accumulate larger errors, which subsequently lead to larger overshoot. As shown in Figure 6 , the solid red line and blue line represent the current waveform of the inductor L1 and L2,, respectively; the red dotted line is the PWM signal to control Q3; while the blue dotted line is the PWM signal to controlQ4. The mode switching of Bi-DC/DC starts at 40,000 μs. As shown in Figure 6 , the inductor current is uncontrollable at the beginning of the switching. Therefore, during the initial switching cycles, the inductor current does not reach the reference value, and the controller increases the duty cycle, resulting in a higher current overshoot.
The Mode Switching Method Based on Optimal Bézier Curve of MOPSO
After finishing the design of the system controller, its response characteristics are determined. Current surges caused by sudden changes of the reference signal will threaten the circuit safety. During the mode switching period, the current response curve will be smoother if the appropriate switching reference signal is used.
When the reference current of the system is ref (t) i , the response i(t) of the system can be obtained according to the system transfer function. Then, the optimal mode switching problem can be equivalent to the multi-objective optimization problem by finding the optimal switching function
under the condition that the system transfer function is G(s). The optimization goal is to During mode switching, current surges are caused by two factors. Firstly, the mode switching process generates a large signal disturbance. Thus, the designed controller with small signal model cannot accurately control the system during the switching process. Secondly, the inductor current is uncontrollable during a period after the mode switching starts. Therefore, the controller will accumulate larger errors, which subsequently lead to larger overshoot. As shown in Figure 6 , the solid red line and blue line represent the current waveform of the inductor L 1 and L 2 , respectively; the red dotted line is the PWM signal to control Q 3 ; while the blue dotted line is the PWM signal to control Q 4 . The mode switching of Bi-DC/DC starts at 40,000 µs.
As shown in Figure 6 , the inductor current is uncontrollable at the beginning of the switching. Therefore, during the initial switching cycles, the inductor current does not reach the reference value, and the controller increases the duty cycle, resulting in a higher current overshoot.
When the reference current of the system is i ref (t), the response i(t) of the system can be obtained according to the system transfer function. Then, the optimal mode switching problem can be equivalent to the multi-objective optimization problem by finding the optimal switching function i ref (t) under the condition that the system transfer function is G(s). The optimization goal is to minimize the value of overshoot and find the shortest response time. The optimization model is shown in Equation (7):
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where, σ i is the overshot of the current, t si is the response time, t 1 is the start time of the mode switching, t 2 is the end time of the mode switching. First published in 1962 by the French engineer Pierre Bézier, the Bézier curve with good smoothing characteristics is widely used for trajectory planning and auto body design [21] [22] [23] . The n-order Bézier curve can be determined by the given point P 0 , P 1 . . . P n which is expressed by the parametric expression shown in Equation (8):
where, µ is the equation parameter, which is in the range of [0, 1]. In this paper, the 5th-order Bézier curve is used for mode switching trajectory planning. In the two-dimensional plane coordinate system, the x coordinate represents time and the y coordinate represents the reference current which are functions of the parameter µ. The mode switching trajectory based on the 5th-order Bézier curve is shown in Equation (9):
where y is the reference current, x is the time. The optimal mode switching problem is to find a Bézier curve determined by points P 0 , P 1 . . . P 5 , which can be obtained by solving Equation (7) .
Particle Swarm Optimization (PSO) [21] was proposed by Kennnedy and Eberhart in 1995. The algorithm is inspired by birds' preying behavoir, and then uses swarm intelligence to search continuously in solution space to obtain the optimal solution. PSO is a group-based optimization tool, which is an effective optimization tool for nonlinear optimization problems, combinatorial optimization problems and nonlinear mixed-integer optimization problems. The velocity and position of particles can be calculated according to the following formula:
where, v k ij is the velocity of particle i at iteration k; k is the pointer of iterations; w is the inertia weight factor; c 1 , c 2 is the acceleration constant; r 1 , r 2 is the random number between 0 and 1; pbest ij is extreme value of particle i; gbest ij is the extreme value of the group; x k ij is the current position of particle i at iteration k.
According to Equation (5), if the Laplace transform of the Bézier curve is R b,p6 (s), the inductor current response of Bi-DC/DC is shown in Equation (12):
where, R b,p6 (s) is determined by 5th order Bezier curve.
As shown in Equation (12), the time-domain response of the inductor current can be obtained by inverse Laplace transform. The multi-objective optimization model is shown in Equation (13):
where, σ i is the current overshot which can be obtained by the response of the inductor current. t si is the time taken for the steady-state value of inductor current rise from 5% to 95%. The control coordinates of the Bézier curve are the parameters need to be optimized in Equation (13) . After using the multi-objective particle swarm optimization (MOPSO)optimization method proposed in literature [22] , the control coordinates of the Bézier curve can be optimized.
Analysis of Mode Switching Process
Because the MOPSO proposed by Coello [22, 23] is one of the most classical MOPSO algorithm, so it is adopted to solve the multi-objective problem in this paper. Assume that the switching signal can transit to the steady state input value within 10 ms. The goal of optimization is to obtain the 5th-order Bézier curve determined by six points shown in Figure 7 , then the index corresponding to the output response is optimized by switching along the curve.
current response of Bi-DC/DC is shown in Equation (12):
where, Rb,p6(s) is determined by 5th order Bezier curve. As shown in Equation (12), the time-domain response of the inductor current can be obtained by inverse Laplace transform. The multi-objective optimization model is shown in Equation (13):
where, i  is the current overshot which can be obtained by the response of the inductor current. si t is the time taken for the steady-state value of inductor current rise from 5% to 95%.
The control coordinates of the Bézier curve are the parameters need to be optimized in Equation (13) . After using the multi-objective particle swarm optimization (MOPSO)optimization method proposed in literature [22] , the control coordinates of the Bézier curve can be optimized.
Because the MOPSO proposed by Coello [22, 23] is one of the most classical MOPSO algorithm, so it is adopted to solve the multi-objective problem in this paper. Assume that the switching signal can transit to the steady state input value within 10 ms. The goal of optimization is to obtain the 5th-order Bézier curve determined by six points shown in Figure 7 , then the index corresponding to the output response is optimized by switching along the curve. In order to optimize the solution of the Equation (9), the transfer function is constructed based on the above parameters, and the system response under different switching signals is obtained. The Pareto front is the optimal solution set for multi-objective problems, which is shown in Figure 8 . Since any solution from Pareto front satisfies the optimal theory, one of the solutions is selected as the switching signal to obtain the response of system.
The current response of different switching signals is shown in Figure 9 as compared with direct switching and switching along line. As shown in Figure 9 ,
is the direct switching current which is obtained by directly switching from the initial value to the end value without a transition at given In order to optimize the solution of the Equation (9), the transfer function is constructed based on the above parameters, and the system response under different switching signals is obtained. The Pareto front is the optimal solution set for multi-objective problems, which is shown in Figure 8 . Since any solution from Pareto front satisfies the optimal theory, one of the solutions is selected as the switching signal to obtain the response of system.
The current response of different switching signals is shown in Figure 9 as compared with direct switching and switching along line. As shown in Figure 9 , i re f 1 is the direct switching current which is obtained by directly switching from the initial value to the end value without a transition at given switching point, i 1 is the current response of direct switching; i re f 2 is the current which is obtained by switching from initial value to the end value along a straight line, and i 2 is the relevant current response; i re f 3 is the optimal Bézier curve, i 3 represents its current response. The system based on the optimal Bézier curve can realize mode switching without overshoot and the stabilization time is significantly shorter than those of the other two methods.
Experimental Results
According to the design requirements of a certain vehicle model, Bi-DC/DC needs to achieve bidirectional DC conversion between the super capacitor pack and the lithium-ion battery pack, i.e. the conversion from single-phase AC to lithium-ion battery pack, and the conversion from lithiumion battery pack to single-phase AC. The performance requirements of the Bi-DC/DC are shown in Table 1 . 3 i represents its current response. The system based on the optimal Bézier curve can realize mode switching without overshoot and the stabilization time is significantly shorter than those of the other two methods.
According to the design requirements of a certain vehicle model, Bi-DC/DC needs to achieve bidirectional DC conversion between the super capacitor pack and the lithium-ion battery pack, i.e. the conversion from single-phase AC to lithium-ion battery pack, and the conversion from lithiumion battery pack to single-phase AC. The performance requirements of the Bi-DC/DC are shown in Table 1 . The system based on the optimal Bézier curve can realize mode switching without overshoot and the stabilization time is significantly shorter than those of the other two methods.
According to the design requirements of a certain vehicle model, Bi-DC/DC needs to achieve bidirectional DC conversion between the super capacitor pack and the lithium-ion battery pack, i.e., the conversion from single-phase AC to lithium-ion battery pack, and the conversion from lithium-ion battery pack to single-phase AC. The performance requirements of the Bi-DC/DC are shown in Table 1 . For the Bi-DC/DC mode, the inductance of L1, L2 are selected as 69 uH, while the rated current is 150 A. High-voltage DC end filter capacitor C2 contains two 4700 μF/500 V aluminum electrolytic capacitors; and low-voltage DC end C1 contains a 2200 μF/400 V aluminum electrolytic capacitor. The four switches are consisting of two Mitsubishi PM200DV1A120 IPM modules. The current is sampled by LEMʹs HAS-200-s Hall current sensor, while the voltage is sampled in an isolated way by CHIEFULʹs VSM025A Hall voltage sensor. The voltage and current waveform are collected by R&S RTE1024 oscilloscope. The main components of the prototype are shown in Figure 10 . In Bi-DC/DC mode, the maximum power tested is 4 kW due to the limitation of the test equipment. The output current of the low voltage DC terminal is 175 A, and the two-phase switches turn on alternately by 180°. The inductor current in Boost mode is shown in Figure 11 . IL1 and IL2 represent the inductor current of L1 and L2, respectively, while IL is the sum of the two currents. When Bi-DC/DC mode switching is carried out, the current of the low voltage DC terminal is switched from −175 A to 175 A in the switching from Buck mode to Boost mode. Firstly, step switching is carried out for mode switching, and the output current in the switching process is shown in Figure 12 . The switching current impulse is 252 A, resulting in 44% overshoot. When the steadystate value changes from 5% to 95%, the switching time is 1.33 ms.
The current is out of control for a period at the beginning of the switching process, as shown in Figure 13 . In Bi-DC/DC mode, the maximum power tested is 4 kW due to the limitation of the test equipment. The output current of the low voltage DC terminal is 175 A, and the two-phase switches turn on alternately by 180 • . The inductor current in Boost mode is shown in Figure 11 . I L1 and I L2 represent the inductor current of L 1 and L 2 , respectively, while I L is the sum of the two currents. For the Bi-DC/DC mode, the inductance of L1, L2 are selected as 69 uH, while the rated current is 150 A. High-voltage DC end filter capacitor C2 contains two 4700 μF/500 V aluminum electrolytic capacitors; and low-voltage DC end C1 contains a 2200 μF/400 V aluminum electrolytic capacitor. The four switches are consisting of two Mitsubishi PM200DV1A120 IPM modules. The current is sampled by LEMʹs HAS-200-s Hall current sensor, while the voltage is sampled in an isolated way by CHIEFULʹs VSM025A Hall voltage sensor. The voltage and current waveform are collected by R&S RTE1024 oscilloscope. The main components of the prototype are shown in Figure 10 . In Bi-DC/DC mode, the maximum power tested is 4 kW due to the limitation of the test equipment. The output current of the low voltage DC terminal is 175 A, and the two-phase switches turn on alternately by 180°. The inductor current in Boost mode is shown in Figure 11 . IL1 and IL2 represent the inductor current of L1 and L2, respectively, while IL is the sum of the two currents. When Bi-DC/DC mode switching is carried out, the current of the low voltage DC terminal is switched from −175 A to 175 A in the switching from Buck mode to Boost mode. Firstly, step switching is carried out for mode switching, and the output current in the switching process is shown in Figure 12 . The switching current impulse is 252 A, resulting in 44% overshoot. When the steadystate value changes from 5% to 95%, the switching time is 1.33 ms.
The current is out of control for a period at the beginning of the switching process, as shown in Figure 13 . When Bi-DC/DC mode switching is carried out, the current of the low voltage DC terminal is switched from −175 A to 175 A in the switching from Buck mode to Boost mode. Firstly, step switching is carried out for mode switching, and the output current in the switching process is shown in Figure 12 . The switching current impulse is 252 A, resulting in 44% overshoot. When the steady-state value changes from 5% to 95%, the switching time is 1.33 ms.
The current is out of control for a period at the beginning of the switching process, as shown in Figure 13 .
Then, the switching is conducted based on a constant slope straight line, the resulting output current in the switching process is shown in Figure 14 with a switching time of 3.15 ms. Then, the switching is conducted based on a constant slope straight line, the resulting output current in the switching process is shown in Figure 14 with a switching time of 3.15 ms. Finally, the optimal Bézier curve is used for mode switching, the output current during the switching process is shown in Figure 15 . The switching time is 2.52 ms and there is no overshoot in the switching process. Then, the switching is conducted based on a constant slope straight line, the resulting output current in the switching process is shown in Figure 14 with a switching time of 3.15 ms. Finally, the optimal Bézier curve is used for mode switching, the output current during the switching process is shown in Figure 15 . The switching time is 2.52 ms and there is no overshoot in the switching process. Then, the switching is conducted based on a constant slope straight line, the resulting output current in the switching process is shown in Figure 14 with a switching time of 3.15 ms. Finally, the optimal Bézier curve is used for mode switching, the output current during the switching process is shown in Figure 15 . The switching time is 2.52 ms and there is no overshoot in the switching process. Finally, the optimal Bézier curve is used for mode switching, the output current during the switching process is shown in Figure 15 . The switching time is 2.52 ms and there is no overshoot in the switching process.
Based on the above results, the switching times of the three methods are all less than 4 ms, all of them can track the reference power of the controller more efficiently. But if the step switching is carried out, the current inrush will be greater. By contrast, the Bézier curve can be used to achieve the mode switching in a shorter time (2.52 ms) and without any overshoot. Based on the above results, the switching times of the three methods are all less than 4 ms, all of them can track the reference power of the controller more efficiently. But if the step switching is carried out, the current inrush will be greater. By contrast, the Bézier curve can be used to achieve the mode switching in a shorter time (2.52 ms) and without any overshoot. 
Conclusions
In the process of Boost and Buck mode switching, the Bi-DC/DC will produce a large current inrush which threatens the safety of the circuit. In order to solve this problem, a method of mode switching based on optimal Bézier curve for Bi-DC/DC is proposed, and a prototype is made for experimental verification. The following conclusions are drawn:
(1) When Bi-DC/DC mode switching with step signal is carried out, the process will be out of control and a large current overshoot will be generated at its beginning. The result of the prototype test shows that the step switching method produces 44% overshoot. (2) The current overshoot can be avoided when the mode switching is carried out by a constant slope linear switching method, but the switching time will be prolonged. (3) A fast and non-overshoot mode switching can be achieved when switching is performed based on the optimized Bézier curve. Using this optimal mode switching method, the prototype test results show that there is no overshoot when the load current is switched from −175 A to 175 A, and the switching time is 2.52 ms. 
